Editor's key points † Superimposed high-frequency jet ventilation (SHFJV) involves simultaneous normal frequency (12 -20 min 21 ) and high-frequency jet ventilation (HFJV) (.500 min 21 ). † SHFJV may improve ventilation and gas exchange compared with HFJValone, but the optimum frequencies for SHFJV are unknown. † In this animal model, end-expiratory and tidal volumes determined by opto-electronic plethysmography were greater, and gas exchange was improved with SHFJV. † Ventilation was reasonably consistent with SHFJV up to a frequency of 1000 min
ventilation. The reason for the lack of volumetric techniques is that HFJV is usually applied in open systems in which air entrainment occurs to a varying extent, depending on the route of administration and the degree of airway obstruction, 12 13 and thus a pneumotachograph will not provide accurate values. Likewise, because of gas leakage and mixing with entrained gas, conventional inert gas methods are unsuitable for the assessment of EELV changes during jet ventilation. Recently, opto-electronic plethysmography (OEP) has been developed for non-invasive measurements of chest wall volume changes.
14 OEP has been tested and validated in a variety of conditions and chest wall volume changes assessed by OEP correlate closely with changes in lung volume. 15 -18 The technique provides a high enough temporal and spatial resolution to make it applicable for studies of jet ventilation. One large study on patients with upper airway obstruction has shown that SHFJV provides effective ventilation during laryngomicroscopic or endoscopic airway surgery. 19 There are, however, no studies comparing SHFJV systematically with other modes of jet ventilation, neither are there any studies that examine which combination of frequencies is the most effective.
In the present study, we aimed to compare SHFJV with HFJV regarding end-expiratory chest wall (lung) volume (EEV CW ), V T , and gas exchange at several corresponding frequencies in a porcine model. Our hypothesis was that SHFJV would provide higher EEV CW and V T and thereby improve gas exchange compared with single-frequency jet ventilation at the same high frequency as used for SHFJV. Therefore, the aim of this study was to investigate the effect of increasing ventilation frequency on EEV CW and V T , Pa O 2 , and Pa CO 2 using both SHFJV and HFJV modes. We chose a crossover design to increase power and limit the number of experimental animals used. The primary outcome variable was chest volume change and the secondary was gas exchange.
Methods
Uppsala University Animal Research Ethics Committee approved the study and the National Institute of Health guidelines for animal research were followed.
Anaesthesia and instrumentation
Ten pigs of 3 months of age were included in the study. Exclusion criteria were obvious signs of disease (pyrexia, abnormal behaviour, signs of injury, or infection) and low baseline haemoglobin (because of the frequent blood sampling for gas analysis).
The animals (23-27 kg body weight) were premedicated by i.m. injections of xylazine 2.2 mg kg 21 , tiletamine 3 mg kg 21 , and zolazepam 3 mg kg 21 . After 10 min, the pigs were placed supine and vascular access was established by cannulation of an ear vein. After a bolus injection of fentanyl 100-500 mg i.v., tracheal intubation was performed. Subsequently, a surgical tracheotomy was performed under general anaesthesia and a cuffed tracheal tube (Hi-Contour TM Tracheal Tube, ID 8.0 mm, length cut to 210 mm, Mallinckrodt Medical, Athlone, Ireland) was inserted into the stoma. Volume control ventilation was started (Servo-I, Maquet, Sweden) with V T of 10 ml kg 21 and the respiratory rate was adjusted to achieve normocarbia (5 -6 kPa). I.V. anaesthesia was started and maintained using i.v. pentobarbital (7) (8) (9) Subsequently, the neck vessels were dissected and an arterial line for invasive arterial pressure measurement and blood gas sampling was placed in the left carotid artery. A pulmonary artery catheter was inserted into the left internal jugular vein and advanced into correct position verified by pressure monitoring.
Suprapubic urinary bladder catheterization was performed by a minilaparotomy and incision of the urinary bladder.
At the end of the experiment, the animals were euthanized under deep anaesthesia by an injection of potassium chloride.
Interventions
Jet ventilation was administered with a Twinstream w jet ventilator (Carl Reiner GmbH, Vienna, Austria) by a Veres T-adaptor (Carl Reiner GmbH) through the cuffed tube inserted in the tracheostoma. Respiratory gas humidification was provided by a HumiCare w 200 breathing gas humidifier (Grü ndler medical GmbH, Freudenstadt, Germany) with a bias flow of 55 litre min 21 ( Fig. 1 A and B) .
The ventilator settings for the normal frequency component of ventilation were f¼16 min 21 , I/E¼1:1, and a working pressure of 1.6 bar. The high-frequency component had variable high frequencies ( f HF ¼100, 200, 300, 400, 500, 600, 800, and 1000 min 21 ), an I/E ratio of 1:1, and a working pressure of 0.8 bar were held constant for all of them. For SHFJV, both the low-and the high-frequency component were applied simultaneously. During HFJV, only the high-frequency component was used. NFJV involved the low-frequency component only. The order of the high frequencies was randomized with a computer-generated method (Excel, Microsoft, Redmond, WA, USA). All high frequencies were tested twice in each pig; first during SHFJV (5 min) and thereafter in HFJV (5 min). In order to normalize chest wall and lung volume history, each frequency step (SHFJV-HFJV) was preceded by 5 min of normofrequent jet ventilation (NFJV, see Fig. 1B ) followed by disconnection from the ventilator and 5 s apnoea. At each frequency, end-expiratory chest wall volume, V T , and compliance were registered. Arterial blood gases were measured after 5 min of each ventilation step for immediate analyses of Pa O 2 and Pa CO 2 on a blood gas analyser (ABL 500, Radiometer, Copenhagen, Denmark).
The protocol was interrupted if systolic pulmonary artery pressure exceeded 60 mm Hg or when arrhythmias occurred during a hypoxic period, with NFJV or conventional ventilation using FI O 2 1.0 as rescue management.
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Outcome measures
The primary outcome measure was changes in chest (lung) volume between SHFJV and HFJV at different frequencies. The secondary outcome measures were differences in Pa O 2 and Pa CO 2 between SHFJV and HFJV at different frequencies.
Volume measurement
Chest wall volume was measured with OEP ( Fig. 2) . Using an OEP System w (BTS Bioengineering, Milan, Italy) consisting of six infra-red cameras, the position and movement of an array of 57 adhesive reflective markers on the pigs' chest wall was recorded.
Using the bundled OEP Capture w software (BTS Bioengineering), the position of each marker in a three-dimensional coordinate system was reconstructed for each time point (Fig. 1A) . The volume enclosed by the surface formed by triangulation of the markers represents the chest wall volume. The method has been used in humans in a variety of conditions, corresponds well to lung volume changes and has high spatial and temporal resolution. 14 -18 The standard deviation for repeated volume measurements that is attributable to OEP is ,0.17% (,1 ml in our case). 16 The sampling frequency of the OEP system is 3.6 times higher than the highest frequency of the signal to be acquired. Therefore, according to the NyquistShannon sampling theorem, the temporal resolution is sufficient for the study of high-frequency ventilation.
Pressure registration
Tracheal airway pressure was monitored via a 200 mm long 16 G Secalon TM Seldy catheter (BD Medical Surgical Systems, Stockholm, Sweden) at the tip of the tracheal tube. An analogue pressure transducer (RCEM250DU, Sensortechnics GmbH, Puchheim, Germany) was used to acquire airway pressure readings that were recorded continuously and synchronized with the volume measurements by the OEP Capture w software (BTS Bioengineering).
Data processing and definitions
As OEP measures total chest wall volume, not lung volume, it was necessary to define a reference volume in order to deduct changes in end-expiratory chest wall volume (DEEV CW ) and V T . We chose end-expiratory chest wall volume during NFJV as reference volume. At an NFJV frequency as Frequency dependence of lung volume changes BJA low as 16 min 21 , the duration of the expiratory phase is 1.9 s and thus, almost complete expiration occurs because of the open ventilation system. Therefore, EEV CW during NFJV is approximately equal to apnoeic functional residual capacity (FRC). The calculation of DEEV CW was performed for every pig for each frequency step to compensate for potential changes in total chest wall volume over time that could be caused by, for example, fluid redistribution or accumulation because of the long total duration of the experiment.
All volumes and pressures derived from the raw data represent the mean values of at least five consecutive steady-state breaths.
We defined changes in end-expiratory chest wall volume (DEEV CW ) as follows:
and DEEV CW HFJV = EEV CW HFJV − EEV CW NFJV V T was defined as the difference between end-inspiratory (EIV CW ) and end-expiratory chest wall volume as follows:
PEEP was defined as the pressure registered at end-expiration. Pressure over PEEP was consequently calculated as follows:
Pressure over PEEP = Peak inspiratory pressure − PEEP
Static and dynamic compliance
To control for changes in respiratory mechanics over the full duration of the experiment, static compliance measurements were performed at the beginning and end of the protocol, while dynamic compliance was measured at each frequency step of the protocol. To assess static compliance, an incremental -decremental PEEP manoeuvre was performed during pressure control ventilation: PEEP was increased by 2 cm H 2 O every 5 breaths, starting from 0 up to 20 cm H 2 O and successively decreased in the same manner until 0 cm H 2 O was reached. Using the pressure -volume curves (data not shown) derived from the PEEP values of each level and the corresponding end-expiratory chest wall volume as obtained by OEP, static compliance was calculated.
Dynamic compliance was assessed only during SHFJV (averaged from several consecutive breaths) as the oscillating maximum and minimum pressure and volume signals displayed a phase offset for all frequencies .100 min 
Statistical data analysis
Statistical computations were performed using the SigmaStat w (Systat Software, Inc., Chicago, IL, USA) and R (R Foundation for Statistical Computing, Vienna, Austria). Power calculations for the primary outcome variables EEV CW and V T were not attempted, as there were no data available on lung volume differences between HFJV and SHFJV in direct comparisons. However, based on the assumption that a difference in the secondary outcome variables Pa CO 2 and Pa O 2 of at least 2 kPa with a standard deviation of 1.0 kPa would be clinically relevant, we performed a power calculation (analysis of variance, 8 frequency groups). For a P-value of ,0.05 with a power of at least 80%, at least nine animals would be needed. The final number of 10 pigs was chosen to compensate for the lack of power analysis for the primary outcome variables in order to increase the likelihood of significant findings also for the OEP volumes.
Our aim was to test the alternative hypothesis that SHFJV would provide higher EEV CW and V T and improve gas exchange compared with single-frequency jet ventilation at the same high frequency as used for SHFJV. Therefore, statistical analyses of DEEV CW , V T , Pa O 2 , and Pa CO 2 were performed using linear mixed model analysis with pig ID as a random factor and mode (HFJV and SHFJV) and frequency and the interaction between mode and frequency as fixed factors. With pig ID as random factor, each pig was considered individually because of the repeated measurements. For all endpoints except DEEV CW , the dependent variable was log transformed before the analyses.
All data are presented as mean (or geometric mean for variables that were logarithmically transformed before analyses) and 95% confidence intervals (CIs). As the mixed model was used to characterize the properties of our observations, significant results should be interpreted as descriptive rather than confirmatory.
Interpretation of the statistical analyses
In order to facilitate the interpretation of the results of the mixed model analyses, we subdivided the whole model and present here separate results for HFJV and SHFJV. Full details of the statistical analyses are provided in the Supplementary material.
The results allow for the calculation of predicted values for each outcome variable at different frequencies f n . This can be done as follows:
where Intercept corresponds to the predicted value of the outcome variable at f HF ¼0 min 21 and n is the nth f HF increase by 100 min 21 (e.g. n¼1 for f HF ¼100, n¼2 for f HF ¼200 min 21 and so forth). As a result of the antilogarithmic transformation, the Frequency coefficient for each variable that was previously log transformed (V T , Pa O 2 , Pa CO 2 ) describes a relative slope change per f HF increase by 100 min 21 For the same reason, the frequency estimates (Table 1) are stated without units.
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Results
No animals were excluded from the study. Observed values are presented in Table 2 ; the results from the mixed models analyses for DEEV CW , V T , Pa O 2 , and Pa CO 2 are summarized in Table 1 .
Airway pressures and haemodynamic data are detailed in the Supplementary material.
End-expiratory volume
Superimposed HFJV increased DEEV CW compared with HFJV ( Fig.3A and Supplementary material) . The difference was greatest at low ventilation rates-68 ml at f HF ¼100 min 21 .
Whereas DEEV CW was fairly constant with SFHJV for all frequencies, we observed an increase in DEEV CW from 79 (95% CI: 58-99) ml at f HF ¼100 to a value of 116 (95% CI: 97-135) ml at f HF ¼300 min 21 , with DEEV CW remaining at about the latter level at higher ventilation frequencies [predicted slope of +2.6 (95% CI: 0.9-4.2) ml per 100 min 21 ].
Tidal volume
V T was also greater when SFHJV was used ( Fig. 3B . In the mixed model analysis, the frequency dependence of V T during HFJV could be described by a slope decrease of 0.597 (95% CI: 0.566-0.629) times per 100 min 21 (i.e. a 40.3% V T reduction with every f HF increase by 100 min 21 ).
Gas exchange
We observed a fairly constant Pa O 2 level of at least 32.0 (95% CI: 29.1 -35.1) kPa during SHFJV throughout the range of studied frequencies (Fig. 4) . Similarly, the observed Pa CO 2 during SHFJV remained at 5.5 (95% CI: 5.0-6.1) kPa. In contrast, while HFJV produced normal Pa O 2 levels at the two lowest Because of missing data at very high frequencies, there is some uncertainty in the descriptive function of the frequency effect of the gas exchange variables.
Airway pressures and dynamic compliance
Airway pressure results are available in the Supplementary material. Because of technical problems with the registration of intratracheal pressure, full dynamic compliance computations could only be performed in four pigs. Dynamic compliance during SHFJV was constant throughout the frequency span, with slight variations between 19.0 (18.4-20.6) and 21.2 (19.8 -21.2) ml (cm H 2 O) 21 .
Discussion
The present study is the first to compare the influence of SHFJV and HFJV over a range of frequencies on lung volume and gas exchange in vivo. We found consistently higher values of DEEV CW and V T and improved gas exchange with SHFJV compared with HFJV. Single-frequency HFJV resulted in an increase in endexpiratory chest wall volume above apnoeic FRC. For SHFJV, the increase in EEV CW was consistently higher than during HFJV with the same f HF , driving pressure, and I/E ratio settings on the ventilator. The frequency dependence of EEV CW during HFJV has been described earlier, 20 but there was a lack of similar data for SHFJV. V T was highest in both modes at lower frequencies and decreased to stable plateau values at high frequencies, with SHFJV providing generally higher V T than HFJV, potentially caused by higher peak airway pressures (see Supplementary material). Similar findings have been reported in a study of HFJV. 20 The present study corroborates the findings from a previous study in patients where we found that SHFJV resulted in higher V T compared with single-frequency JV when the same route of application was chosen. 21 Although many mechanisms of gas transport and gas mixing are known to influence gas exchange during pure high-frequency ventilation, at least part of the gas transport at lower frequencies can be explained by direct alveolar minute ventilation. 22 -25 Indeed, it is known that gas exchange at very high rates of HFJV becomes insufficient, 26 27 with a breakpoint at 300 However, when ,100% oxygen is used during apnoeic oxygenation, nitrogen accumulation occurs quickly. 30 We used FI O 2 0.5 and therefore we believe that a similar mechanism explains the severe hypoxaemia found in our study. In addition, the high oxygen consumption in pigs may have accentuated this effect.
Our results indicate that during SHFJV, ventilation (i.e. CO 2 removal) is mainly produced by the low frequency, whereas the increase in end-expiratory volume is produced by the superimposed HFJV (inducing gas trapping), and that changing the high frequency will have negligible influence on PEEP and the EELV (Fig. 3 and Supplementary Table S1 ). In fact, we found that DEEV CW , V T , minute ventilation, and Pa O 2 and Pa CO 2 were all practically constant over a wide range of frequency settings.
A limitation of the study is that we tested our hypotheses in a porcine model. The animals had lower lung volumes and thus lower lung and chest wall compliances than adult patients. The results should therefore be interpreted with caution and are not immediately transferable to patients, although porcine and human respiratory physiology are generally quite similar. Secondly, OEP measures chest wall volume rather than lung volume. Although it has been shown to correlate well with lung volume in humans, we did not investigate whether the changes represented further inflation of already aerated lung tissue or if recruitment or derecruitment of collapsed lung tissue occurred. Gas distribution and gas exchange during HFJV are complex and minute ventilation calculated by OEP chest wall volume cannot entirely reflect the actual movement of oxygen and carbon dioxide. Other mechanisms than bulk air movement are known to contribute to intrapulmonary gas distribution and gas exchange. 31 Thirdly, we used only 10 animals based on the assumption that the chest wall volume would behave in a similar way as Pa O 2 . In fact, a post hoc test verified that 10 animals would give a b¼0.8 with an a¼0.05. With intervention periods of only 5 min, conclusions on long-term effects of ventilation cannot be drawn. As the time constants for EEV CW recruitment indicate, steady state for the increase in EEV CW is reached within the time of observation. Nevertheless, our results are likely to underestimate changes in ventilation efficacy after longer ventilation periods because the 5 min used in the present study might be too short to allow for equilibration of gases between the blood and the alveoli.
Conclusion
In a porcine model without airway obstruction, we used OEP to show that SFHJV was more effective than single-frequency HFJV in increasing EELV. However, both modes may provide adequate ventilation in the absence of airway obstruction and respiratory disease, except for HFJV at frequencies ≥300 min 21 .
Further studies investigating the effects of frequency and ventilation mode when the airway is obstructed are warranted.
Supplementary material
Supplementary material is available at British Journal of Anaesthesia online.
